The epidermis of Arabidopsis wild-type primary roots, in which some cells grow hairs and others remain hairless in a position-dependent manner, has become an established model system to study cell differentiation. Here we present a molecular analysis of the RHL1 (ROOT HAIRLESS 1) gene that, if mutated, prevents the formation of hairs on primary roots and causes a seedling lethal phenotype. We have cloned the RHL1 gene by use of a T-DNA-tagged mutant and found that it encodes a protein that appears to be plant specific. The predicted RHL1 gene product is a small hydrophilic protein (38.9 kD) containing putative nuclear localization signals and shows no significant homology to any known amino acid sequence. We demonstrate that a 78-amino-acid sequence at its amino terminus is capable of directing an RHL1-GFP fusion protein to the nucleus. The RHL1 transcript is present throughout the wild-type plant and in suspension culture cells, but in very low amounts, suggesting a regulatory function for the RHL1 protein. Structural evidence suggests a role for the RHL1 gene product in the nucleolus. We have examined the genetic relationship between RHL1 and GL2, an inhibitor of root hair initiation in non-hair cells. Our molecular and genetic data with double mutants, together with the expression analysis of a GL2 promoter-GUS reporter gene construct, indicate that the RHL1 gene acts independently of GL2.
During plant development, cells born in the meristem become progressively specified in relation to a particular cell fate, and then finally undergo a series of morphogenetic changes that result in a fully differentiated cell, such as a tracheid, a trichome, or a tapetal cell (Stewart 1978 ). An elegant model to study this sequence of events is the primary root epidermis of Arabidopsis. This consists only of two cell types, the trichoblasts, that go on to make a root hair, and the atrichoblasts, that develop into non-hair cells (Dolan et al. 1993 (Dolan et al. , 1994 . In the wild type, epidermal cells will only form a root hair if they overlie the cleft between two cortical cell files (Berger et al. 1998) . As there is an invariant number of eight endodermal and eight cortical cell files in the Arabidopsis primary root, the number of hair cell files is fixed to eight as well. Sequential steps in time are spatially laid out in cell files along the root axis, an early initial cytoplasmic differentiation just above the meristematic zone, the visible onset of root hair formation at the end of the elongation zone and maturing root hairs up to the root-hypocotyl junction.
Several genes involved in the pathway leading to root hair initiation have been identified through their mutant phenotypes. Only very few mutants show root-specific phenotypes, and the erh 1 mutant that possesses ectopic root hairs, but appears to be unaffected in shoot development (Schneider et al. 1997 ) might be such a candidate. Most of the mutants with altered root hair patterning display pleiotropic phenotypes, indicating that the affected gene products might play a role in several developmental pathways.
One of the best characterized genes in this respect is GL2, which when mutated results in expanded leaf trichomes, ectopic root hairs, and a lack of proper seed coat mucilage (Koornneef 1981; Di Cristina et al. 1996; . The GL2 gene has been cloned and found to encode a homeodomain-containing protein (Rerie et al. 1994 ). In the primary root, the GL2 gene is preferentially expressed in atrichoblasts and therefore is thought to be either a negative regulator of root hair formation or a positive regulator of non-hair cell fate . Another mutant, ttg, is characterized by ectopic root hairs, the lack of trichomes, and seed coat mucilage (Koornneef 1981 , Galway et al. 1994 . The TTG gene is potentially a positive regulator of GL2 in the wild-type (Di Cristina et al. 1996) and, therefore, is also itself a positive regulator of the non-hair cell fate.
A group of genes involved in plant growth factor pathways also confer alterations in root hair patterning when mutated. The auxin resistant mutant axr2 (Wilson et al. 1990 ) that displays a greatly reduced number of root hairs belongs to this class, as does the ethylene signal transduction mutant ctr1 (Kieber et al. 1993 ) that possesses ectopic root hairs (Dolan et al. 1994) . The CTR1 gene has been cloned and the gene product shows homology to members of the Raf family of protein kinases (Kieber et al. 1993) . Ethylene has been identified as a positive regulator of root hair formation in a dosage-dependent manner (Tanimoto et al. 1995) . In all of these cases, ectopic root hairs are only produced on epidermal cells that have finished elongating, as in the wild-type case . Therefore, other events in cellular development like cell elongation, expansion, and morphogenesis may influence the morphogenetic process that is a consequence of progressive cell fate specification. The identification of an allele of pom1, a conditional root expansion mutant (Hauser et al. 1995) , in a screen for ectopic root hair mutants (Schneider et al. 1997) provides further evidence for this assumption.
Recently, a new class of recessive mutants, the root hairless (rhl) mutants, have been identified in a visual screen for primary root phenotypes (Schneider et al. 1997) . At the moment, three loci are known that cause similar phenotypes when mutated. A single T-DNAtagged allele of rhl1 has been described earlier and the mutation mapped to the central part of chromosome I (Schneider et al. 1997) . In this report we present the cloning of the RHL1 gene, its molecular characterization, the subcellular localization of the protein product, its expression pattern, its genetic relationship with GL2, and its possible role as a positive regulator of root hair initiation.
Results
In a visual screen for root hair mutants, five rhl mutants that lack root hairs almost completely were identified (Schneider et al. 1997 ; Fig. 1 ). They fall into three complementation groups rhl1, rhl2, and rhl3, but their phenotypes are almost identical. Only occasionally are a few root hairs found around the emergence sites of the lateral roots. Ethylene treatment induces a very limited number of hairs on primary rhl roots (Schneider et al. 1997) . As there is no obvious early cytoplasmic differentiation between hair and non-hair cell files in the root epidermis of the rhl mutants, the RHL genes are likely to act at early stages of cell specification as well as later in hair initiation. There are also severe defects in the shoots of rhl plants (Schneider et al. 1997 ; Fig. 1B,C) . The rhl leaf epidermis has only a few abnormally shaped and spaced trichomes and rhl plants only form small rosettes and die after ∼3 weeks.
Molecular cloning of the RHL1 gene
The rhl1 mutant was originally identified in a population of Arabidopsis thaliana (WS ecotype), transformed with the 3850:1003 T-DNA construct (Feldmann 1991) . As the rhl1 mutant is a seedling lethal, the mutation was maintained in segregating populations. Seven lines with single T-DNA insertions were generated (see Materials and Methods).
A plasmid rescue experiment identified 2 kb of plant genomic DNA adjacent to the left T-DNA border. In further genomic Southern blots, this 2-kb plant DNA fragment revealed a polymorphism between the DNA-banding pattern of heterozygous and wild-type plants (Fig. 2) . Otherwise, under the stringent conditions chosen here, RHL1 appears to be a single copy gene in wild-type Arabidopsis.
The 2-kb plant genomic fragment from the plasmid rescue experiment served as a probe to isolate four genomic clones from a cosmid library prepared from Columbia wild-type DNA (C. Lister and C. Dean, unpubl.) . A 4-kb BamHI fragment and an overlapping 2.4-kb EcoRI fragment, spanning 5.2 kb of genomic sequence around the putative RHL1 locus, were subcloned for sequence analysis. As the 2-kb plant genomic fragment identified a transcript on a Northern blot, it was directly used for 1,4,7) , from WS wild-type plants (lanes 2,5,8) , and from Columbia wild-type plants (lanes 3,6,9) was digested with SalI ( lanes  1,2,3) , HindIII (lanes 4, 5, 6), and PstI (lanes 7, 8, 9) . The 2-kb insert obtained in the left border plasmid rescue experiment was used as a probe. A second band hybridizing in the DNA digests of the heterozygote indicates the presence of the T-DNA disrupted RHL1 allele. the isolation of cDNA clones. Of four independent clones, one cDNA insert appeared to be slightly shorter than the other three, which all showed identical restriction patterns. One of the latter was therefore chosen for the nucleotide sequence analysis that allowed 1283 bp of the putative RHL1 transcript, followed by a poly(A) + tail, to be determined (Fig. 3) .
The alignment of cDNA and genomic sequence revealed that the RHL1 gene consists of five exons and four introns and covers only 2 kb of the Arabidopsis genome. The T-DNA integration disrupts the coding sequence in the first exon (Fig. 4) .
The formal proof for the cloning of the RHL1 gene requires the molecular complementation of the rhl1 mutant with the RHL1 wild-type gene. Therefore, the 4-kb BamHI fragment of genomic DNA-comprising ∼2 kb of the putative 5Ј RHL1 promoter region, the entire assumed RHL1 coding region, and a small stretch of ∼200 bp of the 3Ј genomic region of the RHL1 gene-was cloned into a plant transformation vector conferring hygromycin resistance. Difficulties were encountered with complementing the rhl1 mutant directly, so heterozygous plants were chosen for transformation instead. The progeny of the primary transformants were germinated on medium containing kanamycin and hygromycin. Twelve plants were recovered that were resistant to both antibiotics, and all had a fully restored wild-type phenotype. This result implies full functional complementation. Kanamycin-and hygromycin-resistant plants from the next generation of the complemented plants, that again exhibited the wild-type phenotype, were taken for genomic Southern analysis (Fig. 5 ). Those plants with only the T-DNA-tagged mutant copy of the RHL1 gene, together with one or more RHL1 transgenes that are different in restriction fragment size from the wild-type RHL1 copy, are proof of successful complementation.
Sequence analysis and subcellular localization of the RHL1 gene product
The longest ORF identified in the RHL1 cDNA encodes a polypeptide of 355 amino acids starting with the indicated methionine residue (Fig. 3) . The nearest in-frame stop codon preceding the first ATG is 77 nucleotides upstream of the start of the cDNA in the genomic sequence and there is no other methionine in between, strongly suggesting that we have isolated the full coding sequence of the RHL1 gene. In the databases, we found a perfectly matching Arabidopsis EST (GenBank accession no. H37372) that is identical over the first 366 nucleotides in the 5Ј region to the RHL1 cDNA. We performed RT-PCR with 5Ј primers annealing to the RHL1 -4,7-10) , genomic DNA of the heterozygote (lanes 5,11), and the WS wild type (lanes 6,12) were digested with HindIII (lanes 1-6) and PstI (lanes 7-12). The RHL1 cDNA was used as a probe. (Asterisks) Bands representing the T-DNA-disrupted rhl1 allele; (arrowheads) bands resulting from the complementation construct.
cDNA and to the genomic sequence ∼60 bp upstream of the start site of the RHL1 cDNA. Whereas we got the expected result with the internal 5Ј primer, the 5Ј primer annealing upstream of the RHL1 cDNA failed to generate a product (Fig. 6 ) supporting our determined RHL1 transcription start site.
The sequence of the putative RHL1 gene product was scanned for homologies, at both the DNA and the protein levels. However, there was no significant homology to any other known gene product in the databases. Therefore, it is likely that the RHL1 gene is both novel and plant specific. In fact, a low stringency genomic Southern with DNA samples from a range of monocotyledonous and dicotyledonous plants indicated that even within the plant kingdom, RHL1-related sequences may rapidly diverge (data not shown).
From the primary sequence, we predict a molecular weight of 38.9 kD and a pI of 7.5 for the putative RHL1 protein. Almost 31% of the amino acid residues of the putative RHL1 protein are charged and an additional 18% are hydroxylated, indicating that the potential RHL1 gene product is very hydrophilic. No transit or signal sequences were identified, nor was there any feature of a membrane-associated domain. However, the sequence reveals a number of potential nuclear localization signals (Raikhel 1992) as indicated in Figure 3 . To test their functionality, we performed transient expression assays using engineered green fluorescent protein (GFP) as a vital marker (Chiu et al. 1996) . We fused parts of the RHL1 cDNA sequence and the total coding region to the 5Ј end of the GFP cDNA and expressed the constructs in the pRTL2 vector system (Carrington et al. 1991) . Because the RHL1 protein might be specific to the Brassicaceae, it might require the presence of speciesspecific factors for its correct localization; therefore, we chose the homologous system, the Arabidopsis seedling, for our transformation experiments. Biolistic bombardment was used to deliver the DNA to the plant cells. Approximately 20 transformed cells, primarily located in the epidermal layer of the hypocotyl and in the cortical layer of the root, were identified per shot in three independent series of experiments. All cells transformed with the GFP control showed green fluorescence throughout the cytoplasm and the nucleus (Fig. 7) . However, in cells transformed with a fusion between the 300-bp 5Ј region of the RHL1 cDNA and GFP, the fluorescence was confined to the nucleus. Within the nucleus we even detected structures that were more strongly fluorescent, indicating an accumulation of the RHL1 protein. Among these structures, the nucleolus was prominent (Fig. 7) . Constructs containing parts of the RHL1 3Ј region and the total coding region fused to GFP failed to provide detectable fluorescence (data not shown). This negative result suggests that either high concentrations of the 3Ј region of the RHL1 encoding sequence are unstable in the plant cell or the conformation of the fusion protein prevents fluorescence from GFP. In an attempt to link the molecular data of the RHL1 gene product with the phenotype of the rhl1 mutant at the subcellular level, we compared electron mi- crographs of wild-type and rhl1 nuclei in root epidermal cells (Fig. 8A,B) . In the wild type, the nucleolus often contained large cavities typical of many plant cells (Shaw 1996) . We identified nucleolar cavities in 16 of 30 wild-type trichoblasts and in 4 of 9 wild-type atrichoblasts. In the rhl1 root epidermal cells, there were no nucleolar cavities in 56 trichoblasts and only a single cavity was seen in 49 atrichoblasts. Two general aspects of nuclear functional architecture were examined by confocal microscopy of whole root preparations. The general level and distribution of heterochromatin were assessed by DAPI staining, and the number of coiled bodies (Lamond and Carmo-Fonseca 1993) in each nucleus was determined by immunofluorescence with an antibody against the splicing component U2BЈЈ snRNP (small nuclear ribonucleoprotein). The resulting images (Fig. 8C-F) show that for both nuclear features there is no difference between wild type and rhl1. In addition, the difference in coiled body number between hair and nonhair cell files (K. Boudonck, unpubl.) is preserved in rhl1. The images also show that the cell size difference between the two cell types, seen in wild type, remains unchanged in rhl1.
Transcription of the RHL1 gene in Arabidopsis
To assess transcription of the RHL1 gene, we performed Northern analysis and RT-PCR. Steady-state RHL1 transcript levels throughout the plant were found to be extremely low. Routinely 4-7 µg of poly(A) + RNA was used per sample in Northern analysis, and even then, long exposure times were required to obtain reasonable signals.
The RHL1 transcript is not detectable in rhl1 mutants by RT-PCR, but one product of the expected size is amplified in both heterozygous and wild-type plants (Fig. 6) . By Northern analysis, the RHL1 transcript size was determined to be ∼1.4 kb. In the complemented plants, the RHL1 transcript level is restored to the wild-type amount. Higher molecular weight transcripts suggest some incomplete processing of the transcript from the transgene.
There appear to be equal levels of RHL1 transcript in shoots and roots of 3-week-old seedlings as well as in flower buds, but transcription is slightly lower in 5-dayold seedlings and in immature siliques. The RHL1 transcript was also detected in Arabidopsis cell cultures.
Genetic interaction between RHL1 and GL2
The GL2 gene is a well-characterized gene involved in root epidermal cell differentiation both at the genetic and the molecular level (see introductory section; Rerie et al. 1994; , and its possible interaction with the RHL1 gene was therefore investigated.
When the double mutant between gl2 and rhl1 was constructed, its roots had hardly any root hairs. It essentially looks like the rhl1 single mutant in all aspects of the plant, revealing formal epistasis of rhl1 to gl2 (Fig. 9) .
To determine GL2 transcription in rhl1 mutant roots, the expression of the GL2 promoter-GUS fusion was monitored. In the wild type, GUS staining was predominantly detected in the atrichoblasts ; 10A ). In rhl1 mutants, the GL2 promoter induced GUS expression preferentially in atrichoblast cells (Fig.  10B) with ∼15% of stained cells in trichoblast cell files which is comparable with the wild type. Therefore, induction of GL2 transcription does not appear to require a functional RHL1 gene product in Arabidopsis roots.
Discussion
In this report we show the cloning of the RHL1 gene that is required for hair initiation on Arabidopsis primary root epidermal cells, affects leaf epidermal patterning, and causes a seedling lethal phenotype when mutated (Schneider et al. 1997) . It is the first member of the RHL gene class, comprising at least three loci, that has been characterized at the molecular level.
The RHL1 gene product is novel and may play a regulatory role in different plant organs
At present, the databases contain no similar sequences to the putative RHL1 gene product other than an EST and it also appears to be plant specific. Therefore, we are limited in our interpretation of possible functions to the primary sequence, the expression pattern of the RHL1 gene, and the mutant phenotype.
The steady-state level of RHL1 transcript is very low. Thus, a regulatory role of the RHL1 gene product is more likely than an enzymatic or a structural function. We detected the RHL1 transcript at all developmental stages and in all organs tested so far. The RHL1 gene is even transcribed in suspension culture cells. However, we have no data on post-transcriptional control. The RHL1 gene product is likely to play an important role in most, if not all, plant organs and the seedling lethal phenotype of the rhl1 mutant supports this assumption.
The RHL1 gene product may be localized in the nucleus
Using 300 bp of the RHL1 cDNA 5Ј region in a transient expression assay with GFP as a visual tag, we showed that the RHL1 protein is located in the nucleus. Assuming that translation starts with the first methionine residue indicated in Figure 3 , 78 amino acids of the RHL1 amino terminus corresponding to an 8.7-kD peptide are sufficient for targeting. That implies that the selected polypeptide contains a functional nuclear localization site for nuclear import; potential candidates have already been identified (Fig. 3) . For the 8.7-kD RHL1 peptide, we calculated an isoelectric point of pI 11.4. The extremely basic nature of this protein fragment is in line with possible interactions with nucleic acids. By use of only this small part of the RHL1 protein in the construct, the RHL1-GFP fusion protein appears to accumulate in subnuclear structures like the nucleolus. The 8.7-kD RHL1 peptide contains numerous serine residues (16.7%), reminiscent of other proteins that accumulate in the nucleolus (Shaw and Jordan 1995) . In those cases, however, the serine residues appeared more clustered than in the RHL1 peptide. Accumulation in the nucleolus is less likely to involve a targeting sequence, but it is possibly achieved by functional domains interacting with other proteins or nucleic acids that direct the complexes to the nucleolus, the site of ribosome assembly (Shaw and Jordan 1995) . The subnuclear localization of the wild-type RHL1 protein could also be influenced by the other domains not present in our translational fusion with GFP. Functional assays with the entire RHL1 protein are needed to elucidate its mode of action and its interacting partners.
We have looked at various aspects of functional nuclear architecture, and from Figure 8 we can conclude that, at the structural level, chromatin condensation, cell cycle and size regulation, and the formation of coiled bodies appear to be unaffected in the rhl1 mutant. The only clear structural alteration in the nuclei of rhl1 root epidermal cells was the relative loss of nucleolar cavities. This loss suggests that the RHL1 protein may have a role in normal nucleolar processes that may include mRNA export functions in addition to ribosome production. The presence of nucleolar cavities has been correlated with active RNA metabolism (Shaw 1996) .
RHL1 acts independently of GL2 in Arabidopsis roots
To assess the genetic relationship between RHL1 and GL2, we constructed the rhl1 gl2 double mutant that revealed epistasis of rhl1 over gl2. The roots of the double mutant had only very few root hairs. This is consistent with the result from the analysis of the rhl-like rhl erh double mutants that root hair initiation requires the RHL genes (Schneider et al. 1997) . However, this double-mutant result does not tell us whether RHL1 and GL2 are interacting in one linear pathway and if so, in which order they act. The possibility that RHL1 acts directly downstream of GL2 is unlikely, because phenotypic defects are visible in rhl1 roots much earlier than in gl2 roots Schneider et al. 1997) , and RHL1 transcription appears to be unaffected in the gl2 background (data not shown).
To determine whether RHL1 acts upstream of GL2, we analyzed the transcription of the GL2 promoter at the cellular level in rhl1 mutant roots. However, we do not find any significant differences between the GL2 expression pattern in rhl1 and wild-type roots. Therefore, GL2 expression cannot depend on RHL1 gene activity. Thus, at present, it is most likely that RHL1 acts in a pathway required for root hair initiation and that GL2, induced by TTG, may act separately as a negative regulator in atrichoblasts.
In rhl1 mutant roots, cell specification events still result in cells in an appropriate epidermal position to make hairs, but that now lack some general nuclear function that helps to initiate a polar outgrowth or hair. The fact that an occasional hair can be initiated in response to excess ethylene suggests that the RHL1 protein is not essential for the machinery of hair growth itself, but is normally required to initiate it. Like the products of many other genes that cause pleiotropic phenotypes when mutated, the RHL1 gene product is a paradigm for components that are part of normal cellular activity, but can acquire a morphogenetic function within cells committed to a particular differentiation pathway.
Materials and methods

Plant material and growth conditions
The rhl1, erh1, pom1-12, and erh3 mutants have been described in detail recently (Schneider et al. 1997) . The gl2 mutant and the line transformed with the GL2 promoter-GUS gene fusion have been presented elsewhere . After surface sterilization, the seeds were vernalized and germinated on plates containing MS medium (pH 5.8), 3% sucrose, and 1% agarose. To select for transformed plants, the appropriate antibiotic was added to the autoclaved medium: 50 µg/ml of kanamycin and 15 µg/ml of hygromycin, respectively. The Arabidopsis cell suspension culture was grown as described before (May and Leaver 1993) .
Genetic analysis
Potential heterozygotes that were selected for kanamycin resistance, a codominant marker of the T-DNA insertion, were outcrossed three times to the WS wild type. Thus, seven lines were generated that segregated in the 3:1 ratio of kanamycin-resistant to kanamycin-sensitive seedlings expected for a single T-DNA insertion (data not shown). All of the >400 rhl1 mutants analyzed were kanamycin resistant, indicating very tight linkage between the T-DNA insertion and the RHL1 gene. The fact that the T-DNA insert at the mutant locus was not rearranged was confirmed by genomic Southern analysis of heterozygous plant material by use of border and internal fragments of the T-DNA sequence as probes (data not shown). The rhl1 gl2 double mutant was constructed as described recently for other double mutants between root hairless and ectopic root hair mutants (Schneider et al. 1997) . The GL2 promoter-GUS construct was introduced into the rhl1 mutant as follows. Plants heterozygous for rhl1 were fertilized with pollen from plants homozygous for the GL2 promoter-GUS construct. The F 1 generation was selected for kanamycin resistant plants that were allowed to self-pollinate. Seedlings with the rhl1 phenotype in the F 2 generation were submitted to the GUS-staining procedure.
Molecular biology techniques
Routine molecular biology work was performed as described by Sambrook et al. (1989) .
Genomic plant DNA was extracted according to a slightly modified Dellaporta protocol (Dellaporta et al. 1983 ). For genomic Southern analysis, restriction fragments were separated in 0.7% agarose gels and transferred to nitrocellulose. Hybridization was carried out in 3× SSC, 0.1% SDS, and 1× Denhardt's solution for 16 hr at 65°C. The filters were washed in 2× SSC, 0.1% SDS, and subsequently in 0.1× SSC, 1% SDS at 65°C for high stringency hybridizations. For low stringency hybridizations, only two washes with 2× SSC, 0.1% SDS were performed at 58°C.
For plasmid rescue experiments, genomic DNA from plants heterozygous for rhl1 was digested with either EcoRI or SalI, submitted to religation and transformed into Escherichia coli bacteria by electroporation (Feldmann 1992) .
The PRL-2 cDNA library, constructed from an amplified pool of cDNA samples from different Arabidopsis thaliana tissues, was prepared by T. Newman and associates (Michigan State University, Lansing) and obtained under accession number CD4-7 from the Arabidopsis Biological Resource Center (ABRC) at Ohio State University.
DNA sequencing was performed with the Prism Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit (Perkin Elmer) on an ABI model 373A DNA sequencer (Applied Biosystems). DNA sequence analyses and searches were done with the software package of the University of Wisconsin Genetics Computer Group, version 8 (Devereux et al. 1984) . The RHL1 cDNA sequence including the deduced amino acid sequence is available under GenBank accession number AF062371, and the DNA sequence of the RHL1 genomic clone has been published under GenBank accession number AF062372 in the databases.
To characterize transcription, Northern analysis was done according to Bartels et al. (1990) and RT-PCR was performed as described in Metzlaff et al. (1997) . For RT-PCR all RNA samples were primed with the oligo(dT) adaptor (B26-B25). The following sequence specific 5Ј primers were used: C3004, 5Ј-TCGTC-GAAGAAAGGAGG-3Ј, annealing from nucleotides 83 to 99 of the RHL1 cDNA just one nucleotide upstream of the T-DNA insertion in the rhl1 mutant; C3204, 5Ј-TCCGTT-GTTCTTCTTCC-3Ј, spanning nucleotides −70 to −54 on the genomic sequence just upstream of the start site of the RHL1 cDNA, and a primer annealing to the polyubiquitin cDNA (K.M. Davies et al., unpubl., GenBank accession no. X67957).
Complementation
For genetic complementation of the rhl1 mutant, a 4-kb BamHI fragment of genomic DNA comprising 2 kb upstream of the predicted RHL1 transcription start site, the entire coding region of the RHL1 gene, and 200 bp of 3Ј genomic sequence was cloned into the pGDW31 plant expression vector (Wing et al. 1989) conferring hygromycin resistance to transformed plants. The construct was conjugated from E. coli to Agrobacterium and transformed into root explants from seedlings heterozygous for rhl1 by Agrobacterium-mediated Arabidopsis transformation as described (Koncz et al. 1994) . Seeds of primary transformants were germinated on medium containing both kanamycin and hygromycin as selectable markers.
GUS staining of Arabidopsis thaliana roots, fixation, and embedding
Three-day-old seedlings were stained for 5 hr at 37°C in 0.2 mM 5-bromo-4-chloro-3-indolyl-␤-D-glucuronide, 1 mM potassium ferricyanide, 1 mM potassium ferrocyanide, 10 mM EDTA, and 0.1 M sodium phosphate buffer (pH 7). After three washes in the phosphate buffer, seedlings were prefixed in 1% glutaraldehyde for 1 hr and then embedded in a very thin layer of 1% agarose. A further fixation, the infiltration with Historesin (Leica), and the sectioning were essentially performed as described before (Schneider et al. 1997) .
Plasmid constructs for transient assays and biolistic bombardment
A 300-bp fragment of the 5Ј region of the RHL1 cDNA was PCR-amplified with specific primers introducing a HindIII, an XhoI, and an NcoI site at the termini for further cloning steps. 5Ј primer, 5Ј-AAAAAACTCGAGCCATTGACAAAGACATT-TAAAAG-3Ј and 3Ј primer, 5Ј-AAAAAAAGCTTAGGGAAG-GAGAAGAGAAAGCG-3Ј. The 300-bp fragment was fused inframe to the amino terminus of sGFPS65T (Chiu et al. 1996) by use of the HindIII site. The RHL1-GFP cassette was cut out and inserted into the pRTL2 vector (Carrington et al. 1991) creating the pRTL2::RHL1::GFP construct. As a control, the construct pRTL2::GFP was used.
Ten micrograms of Qiagen-purified plasmid DNA was precipitated onto 2.5 mg of gold containing a mixture of 0.7-and 0.95-µm big particles. An equal volume of 0.1 M spermidine was added. The volume was doubled by adding 2.5 M CaCl 2 . After vigorous mixing, the coating assay was incubated for 10 min at room temperature. The coated gold particles were washed with ice-cold ethanol and resuspended in a final volume of 2.5 ml ethanol by sonification. For each shot, 163 µl of the gold suspension was delivered to 3-day-old Arabidopsis seedlings by electric discharge particle acceleration (Christou et al. 1991) . After 20-30 hr, the seedlings were viewed under an epifluorescence microscope (Nikon) at a wavelength of 488 nm.
Electron microscopy
Three-day-old seedlings were fixed in 2.5% glutaraldehyde in 0.05 M sodium cacodylate (pH 7.2) and treated with 1% osmium prior to dehydration and infiltration with LR White resin (Agar Scientific, Stansted, Essex, UK). Sections (0.1 µm thick) were collected onto carbon-coated copper grids and stained with uranyl acetate and lead citrate. The sections were examined in a JEOL 1200 EX electron microscope (JEOL, Tokyo, Japan).
Whole-mount immunofluorescence
Whole-mount immunofluorescence labeling was performed as described by Wymer et al. (1998) . The 4G3 antibody (Habets et al. 1989 ) against the U2BЈЈ snRNP was used to visualize splicing components, and the cells were counterstained for total DNA content with DAPI.
